Detachment of adherent epithelial cells from the extracellular matrix induces apoptosis, a process known as anoikis. We have shown that DAP3 is critical for anoikis induction. However, the mechanism for anoikis induction mediated by DAP3 is still unclear. Here, we show that interferon-b promoter stimulator 1 (IPS-1) binds DAP3 and induces anoikis by caspase activation. Recently, IPS-1 has been shown to be critical for antiviral immune responses, although there has been no report of its function in apoptosis induction. We show that overexpression of IPS-1 induces apoptosis by activation of caspase-3, -8, and -9. In addition, IPS-1 knockout mouse embryonic fibroblasts were shown to be resistant to anoikis. Interestingly, IPS-1 expression, recruitment of caspase-8 to IPS-1, and caspase-8 activation were induced after cell detachment. Furthermore, DAP3-mediated anoikis induction was inhibited by knockdown of IPS-1 expression. Therefore, we elucidated a novel function of IPS-1 for anoikis induction by caspase-8 activation.
Apoptosis, the programmed physiological cell death, is critical for modeling tissues and maintaining homeostasis in multicellular organisms. 1 Two major pathways to induce apoptosis are known as the 'extrinsic' and 'intrinsic' pathways. 2, 3 The extrinsic pathway is triggered by binding of tumor necrosis factor a (TNF-a) or Fas ligand to cell surface receptors. Binding of these ligands induce recruitment of the adaptor protein, TNF receptor 1-associated death domain protein or Fas-associated death domain (FADD) with procaspases to death receptors, leading to the procaspase activation and apoptosis induction. The intrinsic pathway, also referred to as the mitochondrial apoptosis pathway, responds to intracellular signals induced by DNA damage, cytokine deprivation, or various stimuli. 4 Activation of this pathway triggers the release into the cytoplasm of proteins that mediate cell death, such as cytochrome c. 5 Recently, it is shown that multiple pathways activated by intracellular stress signals converge at the mitochondrion to induce loss of outer membrane integrity in a process regulated by Bcl-2 family members. 6 The extrinsic pathway has also been reported to potentiate the mitochondrial pathway by triggering cytochrome c release through caspase-8-cleaved Bid protein, a pro-apoptotic member of the Bcl-2 family that translocates to the mitochondria. 7, 8 Recently, DAP3 is shown to be essential for mitochondrial homeostasis and contributing to the extrinsic pathway for apoptosis induction. 9 Adhesion to an appropriate extracellular matrix is essential for the survival of many normal cells, and loss of adhesion induces programmed cell death, a phenomenon known as anoikis. Anoikis was first observed in endothelial and epithelial cells, in which loss of matrix attachment, even in the presence of serum, induces cell death. Expression of certain oncogenes can provide protection from anoikis, [10] [11] [12] [13] leading to metastasis induction. We have shown that deathassociated protein 3 (DAP3) is critical for anoikis induction through interaction with FADD, correlating with caspase-8 activation.
14 Downregulation of DAP3 expression inhibited anoikis and overexpression of DAP3 augmented cell death through caspase activation after cell detachment. Furthermore, association of DAP3 with FADD and caspase-8 activation were induced by cell detachment. Interferon-b promoter stimulator 1 (IPS-1), also known as mitochondrial antiviral signaling protein, virus-induced signaling adaptor, and caspase recruitment domain (CARD) adaptor inducing IFN-b (Cardif), was recently identified as an adaptor linking RIG-I and Mda5 to the downstream signaling molecules. [15] [16] [17] [18] [19] IPS-1 contains the CARD-like domain that is responsible for the interaction with RIG-I or Mda5. In addition, IPS-1 contains a transmembrane region that targets this protein to the mitochondrial outer membrane. 19 The mitochondrial localization of IPS-1 is essential for triggering downstream signals, including FADD and caspase-8. 19, 20 However, the functional role of IPS-1 in apoptosis or anoikis induction is not reported.
Here, we report that IPS-1 is associated with DAP3 and that IPS-1 expression is induced after cell detachment.
Overexpression of IPS-1 induced apoptosis and the cleavage of caspase-3, -8, and -9. In addition, IPS-1 knockout (KO) mouse embryonic fibroblasts (MEFs) were resistant to anoikis and activation of caspase-3, -8, and -9 after cell detachment was reduced in these cells. Conversely, apoptosis induction by death receptor stimulation was not inhibited in IPS-1 KO MEFs. Furthermore, caspase-8 was recruited to IPS-1 and activated after cell detachment. Therefore, we have elucidated a novel function of IPS-1 to activate caspase-8 for anoikis induction. IPS-1 KO MEF cells are resistant to anoikis by reduced activation of caspase-3, -8, and -9 after cell detachment. We investigated whether IPS-1 is involved in apoptosis signals mediated by death receptors. After IPS-1 KO 21 ( Figure 2a ) and WT (wild type) MEFs were stimulated with TNF-a, TRAIL, or anti-Fas Ab in combination with cycloheximide, cells were analyzed for apoptosis induction. No significant difference for caspase activation or apoptosis induction was observed by the stimulation of these death receptors between IPS-1 KO and WT MEFs (Supplementary Figure 3) .
Results

IPS
Next, we investigated whether IPS-1 is involved in anoikis induction. At 24 h after IPS-1 KO or WT MEF cells were detached and cultured in suspension, caspase-3/7 activity in these cells was analyzed. Activity of caspase-3/7 induced by cell detachment in IPS-1 KO MEFs was lower than that in WT MEFs (Figure 2b ). Furthermore, anoikis induction was inhibited in IPS-1 KO MEFs in comparison with WT MEFs at 24 h after cell detachment analyzed by DNA fragmentation ELISA assay (Figure 2c ). In addition, we examined caspase-8 activity in IPS-1 KO and WT MEFs before and after cell detachment. It was shown that caspase-8 activity was lower in IPS-1 KO MEFs than in WT MEFs after cell detachment (Figure 2d ). In the same experiment, caspase-9 activity was also lower in IPS-1 KO MEFs than in WT MEFs (Supplementary Figure 4 ). (Figure 3b; Supplementary Figure  5c ). Conversely, we examined whether IPS-1-mediated anoikis induction is inhibited by the knockdown of DAP3 expression 9 for anoikis induction. It was shown that IPS-1-induced apoptosis was not suppressed by the knockdown of DAP3 expression (Supplementary Figure 6) . In addition, mutant of DAP3, DAP3(T237E) could be associated with IPS-1 (Supplementary Figure 7) .
IPS-1 interacts with caspase-8 and induces its activation after cell detachment. We examined whether caspase-8 interacts with IPS-1 using 293T cells. We have shown that caspase-8 associated with IPS-1 and the mitochondrial membrane region of IPS-1 was necessary for its association ( Figure 4a ). Furthermore, we performed immunoprecipitation experiments for the analysis of the interaction of IPS-1 with FADD and caspase-8.
Both FADD and caspase-8 associated with IPS-1, and casapse-8 strongly associated with IPS-1 as compared with FADD ( Figure 4b ).
IPS-1 is upregulated after cell detachment and induces anoikis.
To determine whether expression of IPS-1 is regulated during anoikis induction, we analyzed the expression of IPS-1 in MCF-10A cells, in which apoptosis was induced at both 48 and 72 h after cell detachment. IPS-1 expression was induced and reached to maximal level at 48 h after detachment (Figure 5a ).
We next examined whether caspase-8 is recruited to IPS-1 in the mitochondria after cell detachment. We found that caspase-8 was co-immunoprecipitated with IPS-1 in a mitochondrial fraction after cell detachment ( Figure 5b ).
Discussion
Recent studies suggest that DAP3, a pro-apoptotic protein, is required for mitochondrial homeostasis in vivo and contributes to the extrinsic pathway for apoptosis. 9 It has been shown that DAP3 is important for apoptosis induction. 14, 22, 23 However, the mechanism for DAP3-mediated apoptosis induction is still unknown. Therefore, we screened its binding proteins and identified IPS-1 as a DAP3-binding protein ( Figure 1a IPS-1 interacts with FADD, caspase-8, and -10. 20 As shown in Figure 1d , we found that overexpression of IPS-1 cleaves caspase-3, -8, and -9. Therefore, we examined whether IPS-1 is critical for apoptosis signals mediated by death receptors. IPS-1 KO 21 ( Figure 2a ) and WT MEFs were stimulated with TNF-a, TRAIL, or anti-Fas Ab in combination with cycloheximide but there was no significant difference for caspase activation or apoptosis induction (Supplementary Figure 3) . These results show that IPS-1 is not critical for apoptosis induction mediated by death receptors.
We have shown earlier that DAP3 is critical for anoikis induction.
14 Therefore, we next examined whether IPS-1 is critical for anoikis induction. After IPS-1 KO or WT MEF cells were detached and cultured in suspension, caspase-3/7 activity of IPS-1 KO MEFs was lower than that of WT MEFs (Figure 2b ). It is shown that IPS-1 is involved in caspase-3/7 activation after cell detachment. Furthermore, anoikis induction was inhibited in IPS-1 KO MEFs in comparison with WT MEFs after cell detachment (Figure 2c ). These results indicate that IPS-1 is critical for anoikis induction.
Casapase-8 activation is an initiating event in anoikis induction. 24, 25 Therefore, we examined caspase-8 activity and it was shown to be lower in IPS-1 KO MEFs than in WT MEFs after cell detachment (Figure 2d ). As shown in Supplementary  Figure 4 , caspase-9 activity was also lower in IPS-1 KO MEFs than in WT MEFs. These results show that IPS-1 is critical for caspase-3, -8, and -9 activation after cell detachment.
Knockdown of IPS-1 expression by siRNA inhibited anoikis induction in 293T cells (Figure 3a ; Supplementary Figure 5a and b). We have shown earlier that DAP3 was critical for anoikis induction, 14 and we show here that DAP3 associates with IPS-1 (Figure 1a; Supplementary Figure 1) . Therefore, we evaluated the functional relationship of IPS-1 with DAP3 for anoikis induction. DAP3-mediated anoikis induction was suppressed by knockdown of IPS-1 expression (Figure 3b;  Supplementary Figure 5c ). Conversely, we examined whether IPS-1-mediated anoikis induction is inhibited by the knockdown of DAP3 expression. IPS-1-induced apoptosis was shown not to be suppressed by the knockdown of DAP3 expression (Supplementary Figure 6) . These results indicated Figure 7) , the phosphorylation of DAP3 by Akt is not involved in the interaction of DAP3 with IPS-1. It was shown that IPS-1 interacts with FADD, 16 and that overexpression of IPS-1 induced apoptosis (Figure 1b and c) and cleavage of caspase-8 ( Figure 1d ). Therefore, we examined the interaction of caspase-8 with IPS-1 and caspase-8 was shown to be associated with IPS-1 (Figure 4a ). In addition, the mitochondrial membrane region of IPS-1 was shown to be essential for its interaction. Furthermore, we examined the interaction of IPS-1 with FADD and caspase-8. As shown in Figure 4b , both FADD and caspase-8 were associated with IPS-1. It is also shown that casapse-8 was strongly associated with IPS-1 than FADD. These results suggest that IPS-1 induces anoikis by the interaction with caspase-8 and FADD to activate caspase-8.
To evaluate whether IPS-1 expression is regulated during anoikis induction, we analyzed its expression before and after cell detachment. As shown in Figure 5a , IPS-1 expression was induced after detachment and Bim expression was also induced as shown earlier. 26 As IPS-1 KO MEF cells are resistant to anoikis, it is suggested that upregulation of IPS-1 expression during detachment contributes to anoikis induction.
Detachment of the MDCK and MCF-10A cells led to the activation of caspase-8, which triggered mitochondrial dysfunction and activation of the effector caspase-3 and -7. 24, 25 We found that caspase-8 was associated with IPS-1 and IPS-1 expression induced the cleavage of caspase-8 ( Figures  1d, 4a and b) . Therefore, we next examined whether the interaction of caspase-8 with IPS-1 is induced in the mitochondria after cell detachment. As shown in Figure 5b , procaspase-8 was associated with IPS-1 in a mitochondrial fraction after cell detachment.
In conclusion, IPS-1 was shown to be crucial for anoikis induction at the downstream of DAP3 by caspase-8 activation after cell detachment.
Materials and Methods
Cell culture and materials. MCF-10A cells were cultured as described earlier. 26 HEK293, 293T cells, or MEFs from IPS-1-deficient mice were maintained in DMEM supplemented with 10% FCS, penicillin (50 U/ml), and streptomycin (50 mg/ml). IPS-1-deficient mice were generated by the standard gene targeting. 21 The targeting vector was designed to disrupt two exons harboring the CARD-like domain of IPS-1, which is required for its function. Immunoprecipitation and immunoblotting were performed using anti-HA (Roche, Basel, Switzerland), anti-flag conjugated-agarose (Sigma) or the other antibodies at 4 1C for 2 h after the cell lysates were precleared with 10 ml of protein A-agarose or protein G-agarose. The immune complexes were analyzed by SDS-PAGE and immunoblotted using the indicated antibodies after extensive washing by lysis buffer. MCF-10A cells were transfected with siRNA (20 nM) using oligofectamine (16 ml). At first, OPTI-MEM (500 ml) and oligofectamine were mixed and incubated at room temperature for 5 min. This solution was added to the solution including OPTI-MEM (500 ml) and each siRNA. ) were suspended in 100 ml of 10 mM Tris-HCl (pH 7.5) buffer containing 10 mM EDTA, 0.5% Triton X-100, and RNase A (200 mg/ml), cell lysates were incubated for 10 min at the room temperature. These cell lysates were centrifuged at 1.5 Â 10 4 r.p.m. for 20 min at 4 1C, the supernatant was incubated for 1 h at 37 1C. Then, 1 ml of proteinase K (20 mg/ml) was added, and the solution was incubated for additional 1 h. DNA was precipitated with 50% isopropanol containing 420 mM NaCl, dissolved in TE solution, separated in 2% agarose gels, and stained with ethidium bromide. The stained gels were photographed on a UV transilluminator.
Assay for the activity of caspase-3/7, caspase-8, or -9. Activity of caspase-3/7, caspase-8, or -9 was measured using caspase-Glo 3/7, caspase-Glo 8, or caspase-Glo 9 detection assay kit (Promega, Madison, WI, USA). These reagents (Promega) were equilibrated to the room temperature and mixed well. Each reagent (100 ml) was added to each well of 96-well plates, in which attached cells or detached cells were cultured. Each plate was gently mixed and incubated at room temperature for 30 min to 1 h. The luminescence of each sample was measured by a plate-reading luminometer. Wt and IPS-1 KO MEFs were seeded into 96-well plates at a density of 5 Â 10 3 cells/well in triplicate wells. After 24 h, cells were treated with 10 mg/ml cycloheximide (CHX) alone or in combination with TNF-a (0.05 mg/ml), anti-Fas Antibody (Jo2, 200 ng/ml), or TRAIL (0.2 mg/ml). After these stimulations, caspase-3/7 activity was assessed by caspase-3/7 Glo reagents.
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Anoikis assays. Anoikis assays were performed using established procedures.
11 WT and IPS-1 KO MEFs were seeded into the wells of 96-well plates with or without poly-HEMA-coating at a density of 5 Â 10 3 cells/well in triplicate wells. Cells after detachment were cultured in 1% FBS medium with methylcellulose (0.5%). Cells (2.5 Â 10 4 ) were analyzed for apoptosis induction using the cell death detection ELISA kit (Roche). The analysis at each time point was performed in duplicate and each experiment was carried out at least three times. For the MTT assay, cells were cultured in 96 well-plates for 24 h. Then, 10 ml of MTT assay solution of Cell Counting Kit-8 (Wako Chem. Osaka, Osaka, Japan) was added to each well and after 3 h the absorbance of the solution was measured by spectrophotometer.
Plasmids and RNAi. Flag-tagged and myc-tagged expression vectors for human IPS-1 and mutants (IPS-1N, IPS-1C, and IPS-1DMito) were used as described earlier. 16 Flag-tagged and HA-tagged expression vectors for human DAP3, FADD, and caspase-8 were used as described earlier. 23 For siRNA experiments, double-stranded RNA duplexes composed of 21-nucleotide sense and antisense oligonucleotides were synthesized by iGENE and used as described earlier. 16 Knockdown of IPS-1 expression was verified by western blotting analysis using anti-IPS-1 antibody. 
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